250 / 300 words) 28 Several model plants are known to respond to bacterial quorum sensing molecules with altered root growth 29 and gene expression patterns and induced resistance to plant pathogens. These compounds may represent 30 novel elicitors that could be applied as seed primers to enhance cereal crop resistance to pathogens and 31 abiotic stress and to improve yields. We investigated whether the acyl-homoserine lactone N-hexanoyl-L-32 homoserine lactone (C6-HSL) impacted winter wheat (Triticum aestivum L.) seed germination, plant 33 development and productivity, using two Ukrainian varieties, Volodarka and Yatran 60, in both in vitro 34 experiments and field trials. In vitro germination experiments indicated that C6-HSL seed priming had a small 35 but significant positive impact on germination levels (1.2x increase, p < 0.0001), coleoptile and radicle 36 development (1.4x increase, p < 0.0001). Field trials over two growing seasons (2015-16 and 2016-17) also 37 demonstrated significant improvements in biomass at the tillering stage (1.4x increase, p < 0.0001), and crop 38 structure and productivity at maturity including grain yield (1.4 -1.5x increase, p < 0.0007) and quality (1.3x 39 increase in good grain, p < 0.0001). In some cases variety effects were observed (p ≤ 0.05) suggesting that 40 the effect of C6-HSL seed priming might depend on plant genetics, and some benefits of priming were also 41 evident in F1 plants grown from seeds collected the previous season (p ≤ 0.05). These field-scale findings 42 suggest that bacterial acyl-homoserine lactones such as C6-HSL could be used to improve cereal crop growth 43 and yield and reduce reliance on fungicides and fertilisers to combat pathogens and stress. 44 Keywords: crop productivity, N-acyl-L-homoserine lactone, quorum sensing, plant-microbial interactions, 45 phyto-protection, phyto-stimulation, seed priming, winter wheat.
Introduction 48 Wheat is one of the most important food staples and export commodities in Ukraine with ~95% of the harvest 49 coming from winter wheat crops [1] . Winter wheat represents ~95% of the annual crop with the remaining Page 3 of 26 50 5% planted as spring wheat [2] . It is typically sown in autumn (September-October) and harvested in mid-51 summer (July) of the following year, however, weather conditions severely affect the quality of the crop, and 52 frequent changes during the growing season makes it more susceptible to bacterial and fungal pathogens 53 than spring wheat which is grown from April to August. While there are a number of intensive agricultural 54 technologies to improve crop yield and control pathogens, the economics of wheat production is dominated 55 by the need to keep inputs beyond pre-plant bactericide and fungicide treatment and fertilization low to be 56 economical. Therefore, there is a need to augment existing production practices with economical, yet 57 effective seed treatments to increase crop yield and resistance to pathogens. 58 The large-scale use of agricultural bactericides and fungicides, their persistence and impact on the wider 59 environment is of increasing concern, with over 284,411 tonnes used worldwide in 2015 [3] . Their use can 60 be reduced by using plant growth-promoting bacterial inoculants as well as bacterially-derived plant growth 61 regulators to treat seeds and seedlings [4] [5] [6] . Such 'green' technology is becoming more popular, and in some 62 cases, natural phyto-stimulators provide a more lasting impact on crop stress tolerance and increase 63 productivity without undesirable environmental effects [7] . 64 One of the most effective technologies to increase crop resistance to biotic and abiotic stressors is seed 65 priming which increases germination vigour and activates plant defence mechanisms early in plant 66 development through induced resistance [8, 9] . Plant growth can be further supported by bacterial inocula 67 which can facilitate mineral up-take and reduce pathogens through biological competition as well as 68 stimulate the plant defence system [10, 11] . Plants are also known to respond to bacterial quorum sensing 69 signal molecules used by bacteria to regulate gene expression and coordinate social activities [8] [9] [12] [13] [14] . 70 For example, the legume Medicago truncatula responds to nanomolar concentrations of acyl-homoserine 71 lactones (AHLs) produced by its symbiont Sinorhizobium meliloti and the pathogen Pseudomonas aeruginosa 72 with specific and extensive changes in root gene expression and protein accumulation [15] . In tomato 73 (Solanum lycopersicum) the plant growth-promoting bacterium Serratia marcescens but not AHL-deficient 74 mutants increase systemic resistance against the fungal leaf pathogen Alternaria alternata [16] , and Page 4 of 26 75 treatment of roots with synthetic AHLs enhanced the expression of defence-related genes in the leaves of 76 tomato [17] . 77 We are interested in determining whether bacterial AHLs used as a seed primer can have a significant impact 78 on winter wheat crop yields under realistic agricultural conditions. Here we compare plant development, 79 productivity and yield structure for two Ukrainian winter wheat varieties following seed priming with the AHL 85 L-homoserine lactone hydrochloride was synthesized using a modified procedure [18] (Fig 1) . 30 g of L-86 methionine, 120 mL water, 120 mL isopropanol and 50 mL glacial acetic acid were added to a 1 L round-87 bottom flask equipped with a magnetic stirrer. 20.8 g chloroacetic acid added and the suspension stirred for 88 24 h at 70°C. The resulting transparent solution was boiled with reflux for 3 h and the solvents distilled off at 89 a reduced pressure. To convert the homoserine into its lactone, the solid residue was heated for 6 h at 100 90 -110°C and reduced pressure of 15-20 mbar. The product was dissolved in 50 mL water before 250 mL 91 isopropanol was added and precipitated overnight at 4°C. The crystalline solid was filtered out, washed with 92 100 mL isopropanol and vacuum-dried for 12 h at 40°C and 1 mbar. In this procedure the yield of L-93 homoserine lactone hydrochloride was 65%. A proton nuclear magnetic resonance ( The second-step synthesis of N-hexanoyl-L-homoserine lactone (C6-HSL) followed an earlier method [19] (Fig 97 2). 8.7 g trimethylamine was added to a stirred suspension of 5 g L-homoserine lactone hydrochloride in 70 98 mL methylene chloride at 0°C. The mixture was stirred for 30 min before 4.9 g hexanoyl chloride was added 99 dropwise within 10 min. The resultant reaction continued for 1 h at 0 -5°C and then at room temperature 100 for a further 4 h. The mixture was washed twice with 50 mL saturated sodium hydrogen carbonate, twice 101 with 50 mL 1 M potassium hydrogen sulfate, and then with 70 mL saturated sodium chloride. The solution of 102 C6-HSL in methylene chloride was dried over sodium sulfate and the solvent was removed at reduced 103 pressure. The white solid residue was further purified by double-recrystallization in ethyl acetate (1 g of 104 product per 15 mL). In this procedure the yield of C6-HSL was 60%. A proton nuclear magnetic resonance ( 1 H 105 NMR, 300 MHz, DMSO-D6) spectrum of the end product with the following characteristics was obtained: Academy of Agrarian Sciences) were used in this work. Volodarka is a short-stalked variety with high yields 115 and good resistance to frost and drought while Yatran 60 is a short-stalked, medium-early variety with good 116 resistance to heat and drought.
Materials and methods

84
C6-HSL synthesis
Page 6 of 26 117 Seed preparation 118 Seeds were primed in a 100 ng/mL C6-HSL solution (at 0.43 kg/L) for 3 h before being dried for 72 h at 24 -119 25°C to a water content of 12 -14% (w/w). Non-primed control seeds were treated with water before drying. 120 Seeds were then coated using AREAL BS-05 (Legion Company Ltd, Ukraine) pelleting mixture before sowing. 121 Seeds were collected from plants grown from primed seeds in 2015-16 (F1 seeds) and used in further tests.
122
Seed germination assays 123 The effects of seed priming on germination were investigated according to the International Seed Testing In vitro germination assays were conducted to determine whether seed priming effected germination and 172 seedling development (Fig 4) . Priming had a significant positive effect on germination with levels 1.2x greater 173 than the untreated controls (p < 0.0001), and on two-day old seedling development with coleoptile (the 174 protective sheath covering the emerging shoot) and radicle (embryonic root) lengths 1.4x greater than the 175 untreated controls (p < 0.0001). However, no wheat variety effects were observed in these assays (p = 0.32, 176 0.99 and 0.48, respectively). These findings suggest that seed priming with C6-HSL may have a positive impact 177 on the early development of wheat seeds. 
Plant development
180 2 month-old plants at the tillering stage were sampled from our research field site in 2015-16 to determine 181 whether seed priming effected plant development (Fig 5) . Priming had a significant positive effect on plant 182 growth with dried aboveground biomass 1.4x greater than the untreated controls (p < 0.0001), though like 183 the in vitro assays, no wheat variety effects were observed (p = 0.39). This suggests that the seed priming 184 advantage seen in better germination rates and faster embryo development also occurs in the field and 185 continues through tillering development. (Fig 6) . In a separate trail at the nearby Hlevakha research site in 198 priming was also found to have a significant effect on over-all chlorophyll and carotenoid levels, as did plant 199 development stage (from booting, flowering, milk ripeness to milk-wax ripeness) (p < 0.0001), and for 200 carotenoids a significant wheat variety effect was also observed (p = 0.006) ( Table 2) . These findings suggest 201 that the positive effect seen with seed priming with C6-HSL continues through wheat development to plant 202 maturity and grain production. Grain quality 214 Grain produced in 2016-17 was examined to determine whether seed priming effected grain quality or mean 215 weight (Fig 7) . Priming had a significant effect on grain quality with the proportion of good grain 1.3x greater 216 than the untreated controls (p < 0.0001), though no wheat variety effects were observed (p = 0.08). A more 217 complex range of factors including grain quality, seed treatment, and the seed quality x seed treatment and 218 seed treatment x wheat variety interactions had significant effects on mean grain weight (p < 0.0001, 0.0164, 219 0.0002, 0.0006, respectively), though no wheat variety effect was observed (p = 0.46). These findings suggest 220 that seed priming also effects grain quality and weight. F1 data showed significant differences between plants grown from F1 seeds and untreated control seeds in 226 seven of 11 assays (Table 3 ) and this is also evident by PCA of crop yield data for 2016-17 by variety (Fig 8) . 227 This suggests that the seed priming effect is transferred to the following generation of wheat. Bacteria recovered from the roots of 2 month-old plants at the tillering stage in 2015-16 were characterised 238 in a preliminary investigation to determine whether seed priming effected rhizosphere microbiology. 239 Bacterial numbers in five functional groups (amylolytic, denitrifying, nitrifying, N-fixing, and oligonitrophilic 240 bacteria) determined from pooled samples ( Table 4 ) were found to be dependent on seed treatment for 241 both wheat varieties (p < 0.0001). This preliminary result suggests that the seed priming effect alters the 242 functional composition of bacterial communities around wheat roots. [16, [36] [37] [38] . 259 In this study, we investigate the effect of AHL applied directly to seeds before germination whereas previous 260 research has focused on dosing or spaying seedlings or even older plants with [30] [31] [32] . We test here the effectiveness of seed priming with C6-HSL on two varieties of winter wheat as we 262 expected to see a strong genetic effect in response to AHL treatment, but variety effects were seen in less 263 than half of the characteristics we measured. The changes we observed in C6-HSL-primed plants suggest 264 that the delivery of AHLs by seed priming would be successful in an agricultural context, as priming and 265 pelleting are commonly used to apply a range of bactericides, fungicides, pesticides, herbicides, and 266 phytostimulators, as well as fertiliser, to improve crop yields and lessen waste in a cost-effective manner.
267
Effect of seed priming with C6-HSL on plant development and crop yield 268 We have investigated the effect of seed priming with C6-HSL on the germination and early seedling 269 development of winter wheat in vitro where C6-HSL was found to have a small but significant positive effect 270 on the germination and early seedling development (Fig 4 & Table 3 ). Seed priming with C6-HSL continued 271 to have a positive effect in field trials, with improvements seen in plant biomass at the tillering stage (Fig 5) , 272 сhlorophyll and carotenoid levels ( Table 2) , and on plant structure and yield at maturity (Fig 7, Tables 1 & 3) . 273 Collectively seed priming with C6-HSL seems to produce more robust and healthy plants which results in a 274 higher grain yield at maturity. Although we have not directly investigated whether seed priming improves 275 plant resistance to stress, we note that the 2016-17 growing season with lower than normal seasonal rainfall 276 (Fig 3) resulted in plants with reduced productivity compared to 2015-16, yet grain yield from plants grown 277 from primed seeds remained similar in both seasons ( Table 1) acid [8-9, 28, 30-31, 41] , and in the context of pathogen and stress resistance, produce healthier and more 287 robust plants. From our analyses, C6-HSL priming appears to promote faster germination and embryo 288 development in winter wheat (Fig 4) which might allow seedlings to out-pace or overcome stresses which 289 normally limit growth and yields. Alternatively, C6-HSL might effect signalling pathways to produce a 290 response similar to the stress-induced morphogenic response (SIMR) caused by exposure to chronic, low-291 intensity stress [42] [43] [44] . It is possible that such 'pre-stressed' plants are better suited to subsequent growth 292 under non-optimal conditions, and that this explains the positive impact on winter wheat plant development 293 and yield we observed in our field trials. 294 We note that plants grown from seed collected from C6-HSL treated plants ( Agro-economic advantages to AHL seed priming 318 Plant protection is ranked high in importance for stable wheat production by growers who face a range of 319 pathogens which can be responsible for 15 -20% yield losses per annum [54] [55] . However, the net returns 320 from fungicide use are highly variable and are only profitable in years with moderate to high disease severity 321 [56] [57] . As a consequence, the adoption of a new phyto-stimulator such as C6-HSL by growers will be 322 governed by yield (and yield stability) improvements, chemical and treatment costs, and any potential 323 savings made by reduced bactericide and fungicide applications. 324 We estimate our treatment costs at €14 per 10 3 kg of seeds having synthesized C6-HSL using standard 325 laboratory-grade reagents (analytical-grade C6-HSL costs €11 mg -1 ), and could probably lower costs even 326 further using Ukrainian-sourced chemicals. Seed priming of winter wheat in Ukraine is increasing, with more 327 that 70% of seeds treated with 1.5 x 10 9 kg of fungicides in 2018 (Superagronom.com), but in order for C6-Page 18 of 26 328 HSL seed priming to be commercially acceptable, costs need to be equal or lower than current treatments 329 and produce the same or greater benefits. In comparison, the phyto-stimulator Raykat ( 
